Permeability of sandstones with different properties taken from Chongqing reservoirs has been measured and deeply discussed under increasing deviatoric stress. Corresponding to the distinct features in the stress-strain behaviors, the permeability of sandstones is found to evolve with a clear permeability decrease in the initial closure region, a constant permeability value in the elastic region, a permeability increase in the crack initiation and propagation region, a sharp permeability increase in the crack growth region, and a decrease permeability in the residual stage. The results also show that the variation patterns of permeability are similar for two reservoir sandstones under combination of confining pressure and water pressure; however, the strength and permeability are smaller for the sandstone with mud than that without mud, deeply indicating that mud-like materials have a relatively great impact on the mechanical properties and permeability, so mud components cannot be ignored for prediction of reservoir permeability. Furthermore, a statistical damage constitutive model considering hydraulic-mechanical coupling process is presented to calculate the damage variable , illustrating that larger water pressure will result in a relatively smaller damage variables and corresponding maximum, which explains that the permeability increases more rapidly and is larger for the sandstone without mud than that with mud, and sandstone damage related to corresponding circumferential crack strain and permeability has been investigated, also implying the evolution mechanism of permeability for two sandstones with different physical properties. Therefore, it is worth pointing out that rock physical properties have a great influence on the reservoir permeability under complex extraction conditions and cannot be ignored, which is necessary to improve the recovery ratio and productivity.
Introduction
As a typical kind of sedimentary rock, sandstone is encountered in many oil reservoirs, and its deformation behavior and permeability are significant for understanding the reservoir exploration mechanism. Note that the failure of reservoir rocks and permeability variation is a potential instance considered in the petroleum engineering. Thus, the behavior has become a topic of substantial interests to researchers working in this geoscience field. The microcracks induced by hydraulic pressure or reservoir extraction, however, may drastically enhance the permeability in the disturbed zone of surrounding rocks and hence improve the reservoir permeability and recovery ratio. In the past decades, the permeability variations of rocks during progressive deformation in some rock engineering have been also achieved, which is of paramount importance for deep research on the permeability evolution of reservoir sandstones with different properties.
In recent years, a few researches about the physical properties influencing on the permeability of reservoir rocks are discussed, Han et al. [1] and Xiong et al. [2] conducted some experiments to describe the reservoir physical properties, indicating that different pore structures and volume clay content made an obvious difference in percolation flow capacity and oil productivity. Furthermore, the external disturbances will inevitably change the reservoir structures to form new seepage channels, resulting in different evolution mechanism of permeability. Therefore, the issue about the permeability variations is significant to be solved especially for different reservoirs development.
Geofluids
And for the permeability determination of different rocks, Ma et al. [3] and Alam et al. [4] carried out the triaxial compression tests to measure the granite permeability, explaining that the permeability evolution was caused by rock damage, which provides a method to analyze the permeability variation under loading conditions. Furthermore, some researches on the permeability evolution of rocks under hydromechanical coupling conditions have been discussed, Tan et al. [5] conducted seepage tests on the granite to describe the permeability evolution during the progressive failure process, which replicated the complex hydromechanical coupled behavior of low porous rocks, and Wang and Xu [6] carried out the permeability tests on limestone and sandstone during the course of deformation and failure; accordingly, the permeability evolution curves were divided into four phases of elastic compression phase, compression stability stage, dramatic increase phase of permeability, and postpeak phase, which is important for research on the permeability variation under multiphysical coupling conditions. Meanwhile, some experiments about the permeability of rocks with other physical properties have been investigated; Zeng et al. [7] measured the mudstone permeability, showing a high stress sensitivity during loading of effective confining pressure, and Zhang [8] discussed the stress-strain permeability behavior of the claystone during damage process, both indicating that mud or clay components will greatly influence the rock permeability, which is useful to understand the permeability of the reservoir sandstone with mud. In addition, for sandstone as a familiar rock, more researches have been implemented; Wang et al. [9] , Ding et al. [10] , and Yang et al. [11] studied the sandstones permeability under different loading conditions. Zisser and Nover [12] and Hu et al. [13] , respectively, studied the permeability of tight sandstones and damaged sandstone, and French et al. [14] investigated the controls of in situ stress state on fluid flow conduits in lowporosity polyphase sandstone under intact, microfractured, and macrofractured deformation states. And also, Ingrahama et al. [15] and Yang et al. [16] investigated the permeability evolution of the sandstone under high stress or different temperature conditions. Meanwhile, Han et al. [1] and Xiao et al. [17] investigated the permeability of reservoir sandstones with different clay content, providing a powerful alternative in investigating the permeability evolution of the reservoir sandstones under different loads combination.
However, a few researches have been performed to investigate the permeability evolution during complete failure process of reservoir sandstones, which is very important for improvement of oil recovery ratio and productivity capacity. Li et al. [18] carried out the permeability measurement of shale with different fractures under anisotropic true triaxial stress conditions, Dong et al. [19] compared the permeability of sandstone and shale, which are basis for further research on the reservoir permeability, and Wu et al. [20] investigated the impacts of effective stress and CO2 sorption on the bedding-parallel matrix permeability of the shale and explained CO2 sorption to constrict fluid flow pathways in shale reservoir rocks. Therefore, deep research on the permeability evolution of different reservoir rocks is necessary, and also the comparison of the permeability for different reservoir sandstone can be realized based on above achievements.
Although the permeability characteristics of sandstones have been analyzed in laboratory conditions and in situ compression tests, few have taken into account of the influence of loads combination on the permeability behavior of reservoir sandstones with different physical properties. This study conducts experimental permeability measurements to investigate the relationship of crack propagation and permeability of reservoir sandstones without mud and with mud. And also the damage analysis has been employed to analyze the rock damage evolution and corresponding permeability variation, revealing the mechanism of the permeability evolution caused by rock damage considering the hydromechanical coupling effect.
Testing Principle and Methods

Specimens Preparation.
To investigate and compare the permeability characteristics of two different reservoir sandstones during loading process under the action of different confining stresses and water pressure, the sandstones taken from western Xindianzi anticline in Chongqing city are selected for the experimental study considering different physical properties. One is sandstone without mud (Figure 1(a) ), and the other is with mud (Figure 1(b) ). According to the method by the International Society for Rock Mechanics (ISRM), the size of all tested sandstone specimens is cylindrical with 50 mm in diameter and 100 mm in length approximately. It is observed from Figure 1 that the sandstone without mud is gray and of smooth surface and bedding is viewed obviously, and the sandstone with mud is yellow including more coarse particles and mud spots in surface. And the X-Ray Diffractions (XRD) shown in Figure 2 indicate that quartz and feldspar are mainly inside the sandstone without mud (Figure 2(a) ); however, the quartz and feldspar inside the sandstone with mud are less obvious because of more clay with mud content of 29.8% (Figure 2(b) ). Furthermore, all specimens of two kinds of reservoir sandstones are acoustically detected by the nonmetallic acoustic detector RSM-SY5 (Figure 2(c) ), the detected longitudinal wave velocity is, respectively, 2.29 ± 0.1 km/s for the sandstone without mud listed in Table 1 and 2.32 ± 0.1 km/s listed in Table 2 for sandstone with mud, also indicating that every group of two reservoir sandstone specimens is uniform to avoid the specimens heterogeneity influencing on the experimental efficiency and accuracy.
Experimental Setup
Experimental Equipment.
All tests will be carried out on a rock servocontrolled triaxial equipment named Rock 600-50HT PLUS (Figure 2(d) ) manufactured by TOP-INDUSTRIE in France. The experimental apparatus consists of triaxial cell with servocontrolled triaxial and circumferential loading systems, a constant-stability pressure equipment, a hydraulic pressure transfer system, a pressure chamber equipment, a hydraulic pressure system, and an automatic data collection system. The triaxial cell is capable of performing triaxial compression tests at confining pressures (P2) up to 60 MPa, with increasing deviatoric stress (P1) up to 500 MPa, with increasing transducer having a resolution of 0.01 MPa. The system can deal with the constant-head, constant flow-rate, and transient-pulse permeability tests under low or high confining and water pressures, and constant-head is selected in this paper. And different fluid can be chosen as the pore fluid, depending on the permeability of the tested rocks and testing requirement. The servocontrolled fluid pump can produce pore pressure up to 60 MPa (P3/P4). Furthermore, the upstream and downstream fluid pressure can be regulated with pore pressure pumps P3 and P4; as a result, the seepage tests can be performed on constant fluid pressure or constant volume condition according to the experimental target.
The testing equipment can be used to perform all controlled tests and data analysis by computer and robotized operations and ensures that all the tests are analyzed safely, timely, and accurately. The apparatus can be used to deal with hydrostatic pressure tests, conventional triaxial compression tests, triaxial seepage tests, chemical erosion tests, and so forth. Four kinds of loading modes including displacement loading, stress loading, strain loading, and flow loading are employed during the testing process according to different experimental requirement. And the apparatus can automatically record all the real-time data every 5 seconds.
Testing Procedure.
Before testing, the sandstones samples should be firstly saturated, then vacuumized for 4 hours by the vacuum pump and wet pumped for 4 hours with distilled water, and finally soaked for 16 hours to ensure the specimens full of water. Furthermore, the sandstone specimens are enclosed in a 3 mm thick Viton rubber jacket and then placed in the sample assembly. Porous spacers are inserted on to the ends of the samples to ensure even distribution of pore pressure over the ends of the samples. When testing, the axial displacement is measured with two displacement LVDTs, and the circumferential deformation is measured with a circumferential sensors attached tightly on the middle portion of the specimen outside the rubber jacket. Considering the influence of the temperature on deformation and seepage response, all the tests are all performed at room temperature (25 ± 2 ∘ C). The triaxial seepage tests under different loads combination can be performed as follows. The samples are firstly applied with the confining pressure of the desired value, and this stage the axial stress is proportionally increased to the value of the confining pressure, bringing the samples to an initial isotropic stress or zero deviatoric stress. And then, the saturated specimens are ensured to hold at a constant pore pressure, which means that the upstream pressure (P3) and downstream pressure (P4) are balanced. This step is key to ensure the fluid in a single phase when seepage testing. Afterwards, the deviatoric stress is increased stepwise in the axial load control condition up to each selected deviatoric stress, the axial load is maintained constant, and, after that, the seepage testing is invoked for measurements of the rock permeability. For this steady seepage testing procedure, the permeability of the samples can be calculated by measuring the fluid volume from the pump in a period of time and written by the following [21] :
where is the permeability of the rock (m 2 ); is the dynamic viscosity of the fluid (water at = 20
is the specimen height (m); is the fluid volume (m 3 ) from the pump in time Δ ; is the cross-sectional area (m 2 ); Δ is the fluid pressure difference on the upstream side and downstream side of the specimens (Pa); Δ is the seepage time(s).
In order to deeply investigate and compare the permeability of different reservoir sandstones during the triaxial seepage testing process, a series tests coupled with water permeation are conducted on saturated sandstone specimens. The tested sandstone specimen and loading conditions are listed in Tables 1 and 2 , in which C6P2 represents the loading condition of confining pressure valued 6 MPa and water pressure valued 2 MPa, as well as other expression of loading conditions. 
Permeability Tests of Two Kinds of Reservoir Sandstones
Relationship of the Strain and Crack Propagation.
It is well known that the method of crack volumetric strain proposed by Martin and Chandler [22] has been widely used in triaxial compression tests to describe the crack initiation and propagation characteristics; Xu and Yang [23] described the crack variation and corresponding permeability of the sandstone specimens from coal mine under short-term and long-term triaxial compression, indicating that crack evolution is closely related to the permeability behavior. And the volume strain V and crack volume strain cv [22] under triaxial compression can be written by
where V is the volume strain; 1 , 3 are the axial strain and lateral strain, respectively; 1 is the axial stress; 3 are the confining stress; is the elastic modulus; ] is Poisson's ratio. And the lateral strain [22] can be described by when the stress is greater than the damage stress ( cd is approximately 66.2% of peak stress ), the curve of strain versus 1 -3 is strongly nonlinear, and the crack volume stain increases much more representing crack propagating rapidly; (5) residual deformation stage: macrofractured surface appears with no new cracks initiation and propagation. Figure 3 also describes the relationship between permeability and cracks propagation. It can be seen that the crack strain and the permeability almost have the same evolution under triaxial loading conditions, which means a direct relationship between the circumferential crack strain and the permeability of the sandstones. The permeability curve in the first stage corresponding to the strain-deviatoric stress curve decreases with the crack volume strain decreasing. Then the crack volume strain keeps zero in the second stage, so the permeability changes little. With the increase of load greater than the crack initiation stress ci in the third stage, the permeability increases obviously until the volume strain reaches the maximum. Accordingly, the permeability increases dramatically in the fourth stage when the increase load exceeds the damage stress cd and the crack volume strain reaches the maximum. Furthermore, the sandstone in the fifth stage may be continuously compressed in axial direction because of strain loading mode, resulting in decrease of the seepage channels; accordingly, the permeability decreases and becomes constant. Therefore, it can be obviously noted from Figure 3 that the permeability changes more intensely in crack damage region than in crack closure region, and the evolution process is precisely in accordance with the crack propagation.
Relationship between Permeability and Cracks Propagation for Two Kinds of Reservoir Sandstones.
For the sake of better describing the relationship between permeability and the cracks propagation under triaxial loading conditions, the gradual damage process and permeability behavior of two reservoir sandstones (without mud and with mud) are compared as shown in Figures 4 and 5 . Also plotted in Figure 4 are the permeability evolution curves of the sandstones under loads combination of water pressure of 2 MPa and confining pressure of 3 MPa, 6 MPa, 9 MPa, and 15 MPa, showing that the variation patterns of mechanical response and permeability under different confining pressures are similar for two reservoir sandstones. However, it can also be observed from Figure 5 considering combination loads of confining pressure of 6 MPa (15 MPa) and water pressure of 3 MPa and 4 MPa. It can also be seen from Figure 5 that the permeability is smaller for the sandstone with mud than that without mud, which is in accordance with the variation patterns in Figure 4 . Therefore, the comparison of permeability evolution of two reservoir sandstones illustrates that mud components play an important role on the permeability behavior.
Permeability Behavior of Reservoir Sandstone with Different Physical Properties
It is can be observed from Table 3 and Figure 6 that the permeability evolution of two reservoir sandstones varying with different confining pressure is similar, and the permeability decreases slowly with the increase deviatoric stress; with increase of compression load, corresponding circumferential crack strain gradually increases, representing that the primary cracks grow to form the favorable fissures causing the permeability to increase sharply. It also can be seen that larger confining pressure will cause smaller permeability. Meanwhile, compared with two reservoir sandstones listed in Table 3 , difference is obvious for the initial permeability, maximum permeability, and minimum permeability between the sandstone without mud and with mud under the same loading condition, and corresponding value of the former is larger than the latter. In virtue of sandstone with mud containing the mud content of 29.8%, the mud-like materials can be softened by the water to show smaller peak strength when saturated; corresponding original porosity will decrease so as to cause the permeability to be smaller than that of the sandstone without mud.
Furthermore, curve of axial strain-deviatoric stress and axial strain-permeability is shown in Figure 6 . The experimental results indicate that confining pressure significantly influences the rock permeability under the same water pressure condition; as for the curve rising stage, larger confining pressure increases the compression of the rocks resulting in smaller permeability, and, especially for the sandstone with mud, the permeability curve is approximately a horizontal line and represents a much smaller value than that without mud, implying that mud components have an obvious impact on the mechanical properties and permeability of sandstone under larger confining pressure.
To analyze the influence of water pressure on the permeability evolution law of two sandstones, three different water pressures valued 2 MPa, 3 MPa, and 4 MPa combined with confining pressure valued 6 MPa (15 MPa) are selected to the seepage tests. The initial permeability, minimum permeability, and maximum permeability of two sandstones without mud and with mud are listed in Tables 4 and 5 . It is noted from Table 4 that initial permeability, minimum permeability, and maximum permeability of sandstone without mud are greater than that of the sandstone with mud, as well as the permeability listed in Table 5 , indicating that mud-like materials have an important influence on the rock permeability; accordingly, the permeability is relatively smaller under the same loading conditions; especially difference of the maximum permeability between two reservoir sandstones is the greatest due to the existing mud component.
Furthermore, it can be seen from two tables describing the initial permeability, minimum permeability, and maximum permeability of two reservoir sandstones that greater water pressure considering the same confining pressure causes larger permeability; the main reason is that smaller effective stress is favorable for cracking to form more seepage channels, indicating that larger water pressure will expand the cracks more obviously to form connected and wider seepage channels resulting in larger permeability. Therefore, it is worth pointing out that water pressure significantly influences the rock permeability for sandstones without mud and with mud; the results also indicate that the rock components cannot be ignored and should be paid more attention when analyzing the permeability behavior for the sandstones with mud and without mud.
In addition, the permeability evolution under different combination of confining pressure and different water pressure are plotted in Figure 7 . It can be seen from figures that permeability firstly decreases, keeps constant, increases stably, then increases dramatically, and finally decreases, which is in accordance with stress-strain curves representing five mechanical stages, deeply calibrating the synchronism of the permeability evolution with the crack initiation and propagation. And also, comparison of Axial strain-deviatoric stress Volume strain-deviatoric stress Circumferential crack strain-deviatoric stress Axial strain-permeability 4 MPa and confining pressure valued 6 MPa indicates that permeability is larger considering larger water pressure causing smaller effective stress to expand the cracks for two reservoir sandstones, as well as the permeability variation shown in Figures 7(c) and 7(d) . However, the postpeak permeability curves of sandstone with mud are relatively smooth considering larger confining pressure combined smaller water pressure, indicating that corresponding permeability cannot change obviously because of larger effective stress.
According to above tests and analysis, larger water pressure applying on the rocks is favorable for rock hydraulic fracturing to accelerate the cracks initiating and propagating under same confining pressure conditions, and more connected seepage channels represent larger permeability beneficial for improvement of the reservoir recovery ratio; meanwhile, some measures should be taken to deal with mud-like materials when reservoir extracting so as to improve the reservoir permeability and productivity.
Permeability Evolution Mechanism of Reservoir Sandstones with Different Physical Properties
Damage Theory.
As evidenced by the experimental results in Sections 3 and 4, microcracks tend to develop and damage tends to grow in the rock samples under loading conditions, which induces significant variation in permeability. Souley et al. [24] and Oda et al. [25] mainly discussed the permeability variation induced by damage of granite under triaxial compression, and Chen et al. [26] also proposed a micromechanical model to describe the damage-induced permeability variation using the experimental data, which implies that rock damage discussion is very important for revealing the mechanism of permeability evolution. To deeply characterize the permeability change of reservoir rocks, an important index named damage variable describing the defects variation closely related to the microcrack growth and microstructural evolution should be proposed. Based on the research in the literature [27] , it is assumed that the strength of rock microelements obeys Weibull stochastic distribution; accordingly, the damage variable can be described by
where and 0 are the Weibull parameters; is the random strength variables of rock microelements. Suppose = (̃), wherẽis the effective stress tensors, so the rock failure criteria can be written by
in which 0 is constant related to cohesion and friction angle considering the rock yielding; = (̃) ≥ 0 represents the rock yielding or failing. In this study, the rock failure criteria may be described based on Drucker-Prager criteria:
where is the friction angle;̃1 is first invariant of effective stress tensor expressed as (9);̃2 is second invariant of effective stress tensor expressed as (10).
Supposing the stress-strain of rocks obeying the Generalized Hook's Law, the effective strain tensor can be written bỹ=
where is the elastic module; is Possion's ratio.
So the principle stress-stain can be written bỹ
Considering 1 > 2 = 3 in triaxial tests and 1 =̃1 due to coordination deformation between the damaged rocks and undamaged rocks, substituting the expressioñ= ( − )/(1 − ) into (12) gives the stress-strain relations under hydromechanical coupling conditions as follows:
Thus, (9) and (10) can be rewritten by
In addition, the measured axial deviatoric stress 1 in the experimental process is described by (16) . And real axial stain 1 should include the measured stain 1 and initial stain 10 shown in (17) .
Substituting the expression (16) and (17) into (14) and (15) gives the stress-strain relations under hydromechanical coupling conditions as follows:
Combining of (6), (13) and (16)∼ (18), the statistical damage constitutive model considering pore pressure can be written by
is elastic module; 1 is deviatoric strain; 1 is deviatoric stress; 3 is confining pressure;
is permeable pressure; is And then, (19) may be changed as follows:
in which, is the fitting parameter. Thus, 0 can be calculated according to the fitting analysis: Furthermore, it can be seen from Figure 8 that the variation of is in accordance with the damage-induced permeability variation of sandstone without mud in the loading process, with a decrease in the initial inelastic region, an almost constant in the elastic region and dramatic increase in the crack growth region, implying that deviatoric stress causes the pores and cracks to be compressed firstly, keep unchangeable, and finally sharply increase because of higher strength and stronger cohesion for this type of sandstone. However, different from the variation of for the sandstone without mud, the damage variables increase stably, implying that the pores and cracks inside the sandstone with mud should be more greatly compressed when applying the confining pressure, and the pores and cracks will be more dramatically compressed even under smaller deviatoric stress conditions; thus the pores may probably be collapsed and the mud-like materials will slide to cause the damage develop stably. In addition, the maximum for the sandstone with mud is larger than that for the sandstone without mud, indicating that sandstone without mud is more brittle than the sandstone with mud increasing the sandstone ductility.
In addition, to better investigate the permeability evolution induced by rock damage causing the crack propagation, the relationship of the permeability and damage variable can be established and analyzed. Based on the experimental data, the relationship between damage variable and circumferential crack strain 3 can be described by (23) , which is another expression of damage variable , providing a new way to describe the permeability variation.
where is damage variable; 1 , 1 is the fitting parameters based on experimental data. And then, the damage variable related to the circumferential crack strain 3 under confining pressure of 15 MPa and water pressure of 2 MPa can be shown in Figures 9(a) and 9(b) and also is calibrated for the combination loads of confining pressure of 15 MPa and water pressure of 3 MPa. The results show that damage variable is logarithmic relation to the circumferential crack strain 3 , and the correlation 
where is the permeability; is damage variable; is a parameter valued 10 −18 ; , , is the fitting parameters based on experimental data. For calibrating the rationality of the fitting equation (24) , the curves of permeability under confining pressure of 15 MPa and water pressure of 3 MPa have been given in Figures 10(a) and 10(b) , showing that correlation coefficients are greater than 0.95, which also reveal the mechanism of permeability evolution based on damage variable or circumferential crack strain. Furthermore, the comparisons deeply illustrate that damage is more obvious causing larger permeability for the sandstone without mud. The evolution law of two different sandstones deeply explains the reason of more rapid increase of permeability and larger permeability for the sandstone without mud than that with mud under same loading conditions, revealing the evolution mechanism of permeability and indicating that the rock components greatly influence the permeability behavior, which is very useful to provide a theoretical suggestion for the effective development of sandstone reservoir.
Conclusions
In this study, triaxial compression tests have been conducted for permeability measurement of reservoir sandstones without mud and with mud under combination of different confining pressure and water pressure. Meanwhile, the mechanism involved in the permeability variation has been analyzed and compared; especially a damage mechanical model has been employed to deeply investigate the permeability evolution between two reservoir sandstones. Based on the experimental results, the following conclusions can be concluded:
(1) The variations in permeability of reservoir sandstones with confining pressure and water pressure have been demonstrated. Corresponding to the distinct features in the strain-stress curves, the permeability curves in five stages also exhibit a clear permeability decrease, constant, stable increase, and sharp increase and decrease. As the deviatoric stress increases up to the specimen failure, the permeability increases up to the maximum. With increase of confining pressures, on the other hand, the permeability reduces due to more significant closure of existing microcracks. And also the comparison under same loading conditions explains that permeability is larger for the sandstone without mud because of better brittleness.
(2) The variation patterns of permeability for reservoir sandstones under loads combination are similar although the confining pressure and water pressure have a great influence on the permeability value. However, the strength and permeability are smaller for the sandstone with mud than that without mud, deeply indicating the mud-like materials also have a relatively great impact on the mechanical property and permeability; thus mud components cannot be ignored in analysis of the reservoir development.
(3) The damage analysis has been employed based on the statistical damage constitutive model to investigate the relationship of rock damage evolution and permeability, also indicating that larger water pressure results in a relatively smaller damage variables and corresponding maximum under same confining pressure, which explains why the permeability increases more rapidly and larger for the sandstone without mud than that with mud. And also, the damage variable may represent the circumferential crack strain, and the relationship of the permeability and damage variable implies the evolution mechanism of permeability for two sandstones with different properties.
